• Atmospheric corrosion of Cu, Cu15Zn, Cu4Sn and Cu5Al5Zn at decreasing coastal distance • Decreasing corrosion rates with decreasing chloride load for all materials • Flaking of outer patina constituents for Cu and Cu4Sn at sites of high chloride load • Significantly lower release rates compared with corrosion rates • Comparable long term release of Cu from the alloys due to similar outermost patina composition a b s t r a c t a r t i c l e i n f o Bare copper sheet and three commercial Cu-based alloys, Cu15Zn, Cu4Sn and Cu5Al5Zn, have been exposed to four test sites in Brest, France, with strongly varying chloride deposition rates. The corrosion rates of all four materials decrease continuously with distance from the coast, i.e. with decreasing chloride load, and in the following order: Cu4Sn N Cu sheet N Cu15Zn N Cu5Al5Zn. The patina on all materials was composed of two main layers, Cu 2 O as the inner layer and Cu 2 (OH) 3 Cl as the outer layer, and with a discontinuous presence of CuCl in between. Additional minor patina constituents are SnO 2 (Cu4Sn), Zn 5 (OH) 6 (CO 3 ) 2 (Cu15Zn and Cu5Al5Zn) and Zn 6 Al 2 (OH) 16 CO 3 ·4H 2 O/Zn 2 Al(OH) 6 Cl·2H 2 O/Zn 5 Cl 2 (OH) 8 ·H 2 O and Al 2 O 3 (Cu5Al5Zn). The observed Znand Zn/Al-containing corrosion products might be important factors for the lower sensitivity of Cu15Zn and Cu5Al5Zn against chloride-induced atmospheric corrosion compared with Cu sheet and Cu4Sn. Decreasing corrosion rates with exposure time were observed for all materials and chloride loads and attributed to an improved adherence with time of the outer patina to the underlying inner oxide. Flaking of the outer patina layer was mainly observed on Cu4Sn and Cu sheet and associated with the gradual transformation of CuCl to Cu 2 (OH) 3 Cl of larger volume. After three years only Cu5Al5Zn remains lustrous because of a patina compared with the other materials that appeared brownish-reddish. Significantly lower release rates of metals compared with corresponding corrosion rates were observed for all materials. Very similar release rates of copper from all four materials were observed during the fifth year of marine exposure due to an outer surface patina that with time revealed similar constituents and solubility properties.
Introduction
Copper in its pure or alloyed state forms a large group of industrially very important materials. Depending on alloying elements, the desirable properties range from high electrical conductivity, corrosion resistance, wear resistance, tensile strength, soldering and joining characteristics to appealing visual appearance. This study concerns the atmospheric corrosion of bare copper sheet and three commercial Cualloys exposed to four different levels of chloride deposition rates in a marine environment. As evidenced from a recent review (Sequeira, 2011) , the atmospheric corrosion of pure copper in chloride-dominating environments has been extensively studied whereas much less is known about Cu-alloys such as brass and bronze. Typical corrosion rates of bare copper sheet in marine environments have been reported around 1 μm y −1 , whereby the initial rate is higher and then declines with time due to the build-up of protective corrosion products (Leygraf and Graedel, 2000) . In sheltered marine exposure conditions the evolution of corrosion products proceeds through the initial formation of cuprite (Cu 2 O) which continues to grow during the entire exposure period. It continues with the formation of nantokite (CuCl) and commonly ends with atacamite or the isomorphous phase paratacamite (Cu 2 Cl(OH) 3 ) as corrosion end products (Krätschmer et al., 2002) . These corrosion products have all also been observed within the patina on bare copper at unsheltered marine exposure conditions, and formed in laboratory exposure conditions with humidified air and predeposited NaCl (Strandberg and Johansson, 1998) . The same investigation showed the corrosion rate of copper to increase with the amount of deposited NaCl and with relative humidity (Strandberg and Johansson, 1998) .
More detailed laboratory studies have considered the lateral variation in surface composition and in anodic and cathodic area distribution within and adjacent to individual NaCl-particles deposited on bare copper (Chen et al., 2005a,c) and zinc (Chen et al., 2008; Neufeld et al., 2002) surfaces, respectively. Spreading of the electrolyte turned out to create the formation of galvanic elements with a potential gradient between the central area of the droplet at the NaCl particle (the anodic area) and a so-called secondary spreading area at the periphery of the droplet (the cathodic area). The interplay between acidifying gases involved, SO 2 or CO 2 , and the secondary spreading phenomenon turned out to be highly complex and dependent on the concentration of the gases involved. Corrosion products observed on copper at these conditions include Cu 2 O, Cu 2 Cl(OH) 3 and brochantite (Cu 4 SO 4 (OH) 6 ) and on zinc zincite (ZnO), hydrozincite (Zn 5 (CO 3 ) 2 (OH) 6 ) and simonkolleite (Zn 5 Cl 2 (OH) 8 ·H 2 O). A limited number of more detailed studies on the influence of chlorides on Cu-alloys have been reported. By exposing a bronze (Cu20Sn5Pb) alloy to humidified air with both chlorides and NO 2 present it was found that NO 2 could act as a catalyst during the corrosion process resulting in a synergism between chlorides and NO 2 on the corrosion kinetics (Cao et al., 2009) . CuCl, cassiterite (SnO 2 ) and lead oxide (PbO) were identified as the main constituents of the corrosion products. The same bronze alloy was also exposed to chlorides and bisulfite (HSO 3 − ) ions, in which a synergistic effect between the ions was observed (Cao and Xu, 2006) .
When exploring the fundamentals of chloride aerosols and their influence on the atmospheric corrosion of metals, the varying exposure conditions at marine sites add in complexity. In a series of papers, Cole et al. (2009 Cole et al. ( , 2003 Cole et al. ( , 2004 have developed a holistic model aiming at understanding the fundamentals of marine aerosols and their influence on corrosion of primarily zinc at different distances and conditions from the ocean coastal line. The important parameters that are considered are the production, transportation and deposition of aerosols, and factors that may influence the size and chemistry of aerosols. Morcillo and co-workers have reported another set of papers, (see e.g. Feliu et al., 1999; Morcillo et al., 2001) , in which different parameters have been analyzed that may influence the deposition rate of chlorides on various metals. An interesting finding from both sets of papers is the conclusion of at least two decay functions of the chloride deposition rate versus distance from the coastal line, corresponding to two different sources for producing the aerosols, breaking surf and ocean whitecaps. Over the first 500 m from the coast the chloride deposition is initially very high but decays rapidly, whereas the decay from about 2 km and inward is lower closer to the coast and decreases less rapidly.
This study is part of a long-term project with an international industry consortium that aims at assessing and generating a comprehensive understanding of atmospheric corrosion and metal release processes of copper and copper-based alloys used in building applications. In this sub-project, bare Cu and three bare commercial Cu-based alloys (Cu15Zn, Cu4Sn and Cu5Al5Zn) have been exposed at unsheltered conditions for up to three years at four marine test sites in Brest, France, representing four distances from the coastal line with a large span in chloride deposition rates. The aim is to provide a unique understanding of the rate of patina formation and coloration of copper and copper-based alloys and how they are influenced by alloying elements and chloride deposition rates. The four test sites are characterized with respect to their predicted corrosivity following the ISO 9223 classification system (ISO, 2012a) and compared with measured rates at all sites. Changes in visual appearance and evolution of patina coloration are discussed in relation to patina constituents and characteristics. Differences in metal runoff are further discussed in relation to patina constituents at one of the sites with strong chloride influence.
The importance of exploring the influence of chlorides on atmospheric corrosion rates of metals is also justified by the prediction that future corrosion rates, at least in Europe, will be more dominated by chlorides in coastal or near-coastal areas than today because of the expected increase in relative importance of chlorides on corrosion effects with increasing temperature (Tidblad, 2012) .
Experimental

Materials and exposure conditions
Copper sheet, Cu4Sn (96 wt.% Cu and 4 wt.% Sn), Cu15Zn (85 wt.% Cu and 15 wt.% Zn), and Cu5Al5Zn (89 wt.% Cu, 5 wt.% Al, 5 wt.% Zn, 1 wt.% others) were exposed at outdoor unsheltered conditions (45°a nd 90°from the horizontal, facing south) at the marine site of Brest, France, for 3 and 6 months, and 1, 2 and 3 years (starting from Nov 2009). Information on bulk alloy composition of the exposed materials is given in Table 1 . Four different sites of increasing distance from the coastal line in the Brest region, France were selected (site 1 -Military harbor: b5 m; site 2 -St. Anne: 20-30 m; site 3 -St Pierre: 1.5 km; site 4 -Langonnet: 40 km). The location of the sites is shown in Fig. 1 . Daily deposition rates of chlorides were measured with the wet candle technique on site following the ISO 9225 standard (ISO, 2012a) . Measurements of temperature and relative humidity were also performed.
Samples were exposed at each site at different periods for ex situ surface analysis and corrosion rate measurements. Metal runoff measurements were performed on single sided samples sized 300 cm 2 at site 2, an exposure initiated prior to the corrosion rate and patina formation study (Cu sheet: June 2004; the alloys: Nov 2007) . All samples were exposed as-received (to mimic commercial surfaces) after surface degreasing with acetone/isopropyl alcohol and drying with cold nitrogen gas. More detailed information is given elsewhere (Goidanich et al., 2011) . Cross-sections of the exposed samples were prepared by embedding the samples into a conductive polymer followed by polishing with 0.25 μm diamond paste and subsequent polishing using OP-S suspension (Struers A/S, Denmark) and water for 15 min to obtain a near mirror like cross-sectional surface.
Corrosion rate and metal runoff measurements
Continuous sampling of metal-containing runoff water was conducted on single sided surfaces, inclined 45°from the horizontal facing south, following the guidelines of the ISO 17752 standard (ISO, 2012b) for metal runoff measurements. Samples for corrosion rate measurements were exposed according to ISO 9226 standard (ISO, 2012c) . Corrosion rate measurements were conducted by stripping corrosion products from the surfaces by using amidosulfonic acid. The experimental procedure is given elsewhere (He et al., 2001) . All metal runoff measurements were conducted by means of AAS (atomic absorption spectroscopy) with Perkin Elmer AAnalyst 800 at standard operational conditions. The parallel background concentration (blank) of metals was determined for runoff water collected from a bare Plexiglas fixture. Analyses of released copper and zinc were performed using the flame mode AAS, whereas released concentrations of tin, aluminum and iron were determined with graphite furnace AAS (GF-AAS) due to their low concentrations. Prior to analysis, the runoff water was acidified to a pH less than 2 to ensure complete dissolution of potentially formed complexes. Three replicate readings were made for each sample and control samples were run consecutively during the analysis (every 10 th sample).
Detailed information is given elsewhere (Goidanich et al., 2011 SEM/EDS (Scanning electron microscopy and energy dispersive spectroscopy) analysis was conducted to document the morphology of corrosion products within the patina and to obtain elemental information. Cross-sections were analyzed using a LEO 1530 instrument with a Gemini column, upgraded to a Zeiss Supra 55 (equivalent) and an EDS X-Max SDD (Silicon Drift Detector) 50 mm 2 detector from Oxford Instruments.
Surface analysis was performed using a FEI-XL 30 Series instrument, equipped with an EDAX Phoenix EDS system with an ultra-thin windows Si-Li detector.
FTIR (Fourier transform infrared reflection spectroscopy)
FTIR (Fourier transform infrared reflection spectroscopy) measurements were employed to identify functional groups within the patina using a Thermo Nicolet 6700 with DTGS detector (4000-400 cm −1 ), coupled with a Thermo Nicolet Continuum FTIR microscope with MCT detector (4000-600 cm
). The spectra were collected from powder scraped from the surface.
CRM (confocal Raman microspectroscopy)
CRM (confocal Raman microspectroscopy) measurements were carried out to display the lateral distribution of functional groups representative for different corrosion products within the patina by using a WITec alpha300 system equipped with a laser source of wavelength 532 nm. A Nikon NA0.9 NGC objective was used for the measurements with a lateral resolution of approximately 300-400 nm.
GDOES (glow discharge optical emission)
GDOES (glow discharge optical emission) measurements were used to provide elemental depth information by using a Leco GDS 850 instrument. A circular area with a diameter of 4 mm was continuously sputtered using Ar plasma at a potential of 700 V and a current of 20 mA. The Ar pressure varied between 6 and 7.5 Torr.
2.3.6. XPS (X-ray photoelectron spectroscopy) compositional XPS (X-ray photoelectron spectroscopy) compositional measurements of the outermost patina were performed after 1, 2, and 3 years of exposure for all samples at site 1. XPS spectra were recorded at different positions using a Kratos AXIS UltraDLD X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK) using a monochromatic Al x-ray source. The analysis area was below about 1 mm 2 (most of the signal is from an area of 700 × 300 μm) collecting wide spectra and detailed high resolution spectra of C1s, O1s, Cu2p, Zn2p, Sn 3d, Fe2p, and Al2p.
2.3.7. GIXRD (grazing incidence X-ray diffraction) GIXRD (Grazing Incidence X-ray diffraction) analysis was performed to identify crystalline corrosion products within the patina by using an X'pert PRO PANalytical system, equipped with an x-ray mirror (CuKα radiation) and a 0.27°parallel plate collimator on the diffracted side. Analysis was made on a 1 × 1 cm large surface area at a grazing angle of 88°versus the surface. Fig. 3 . Changes in visual appearance of copper sheet (Cu sheet), and the copper-based alloys (Cu4Sn, Cu15Zn, Cu5Al5Zn) upon unsheltered exposure for 3, 6 months, 1, 2 and 3 years at the four outdoor sites of increasing distance from the coastal line in the Brest region, France.
Results and discussion
Visual appearance of Cu and Cu-based alloys at marine exposure sites of varying deposition rates of chlorides
Copper sheet (Cu sheet) and three copper-based alloys (Cu4Sn, Cu15Zn, Cu5Al5Zn) were exposed for 3 months, 6 months, 1, 2 and 3 years at unsheltered marine conditions (45°and 90°from the horizontal, facing south) at four different sites of increasing distance from the coastal line (site 1: b5 m; site 2: 20-30 m; site 3: 1.5 km; site 4: 40 km). Measured deposition rates of chlorides substantially decreased with increased distance from the sea shore: site 1 ≫ site 2 ≫ site 3 N site 4, Fig. 2 , a trend prevailing throughout the entire three-year exposure period. The first year of exposure was characterized by several autumn storms with significantly higher deposition rates of chlorides (large spread in results) compared with the other years, which explains the deviation in results on the monthly mean values. Median deposition rates of chlorides were approximately 6 to 7 times lower at site 2 compared with site 1 for all three years of exposure. Even lower median deposition rates of chlorides were observed for the other sites compared with site 1, 30-45 times lower at site 3, and 40-70 times lower at site 4.
Differences in chloride deposition rates were reflected in the surface appearance of the exposed materials, as illustrated in Fig. 3 after 3 -months, 6 months, 1, 2 and 3 years for each material. Initially, spatially heterogeneous surface appearances were evident for all materials. Greenish-bluish corrosion products were non-homogeneously distributed along the surfaces of Cu sheet, Cu4Sn and Cu15Zn at sites 1 and 2. After 3 years, the color of Cu, Cu4Sn and Cu15Zn reached a more brown-greenish appearance. The visual blue-greenish appearance was furthermore reduced with increasing distance from the coastal line. No blue-greenish corrosion products were visually observed on the Cu5Al5Zn-alloy at any sites. However, a pronounced formation of corrosion products influencing the surface appearance was evident, in particular at sites 1 and 2, which gradually reduced its lustrous appearance.
In the following, emphasis will be placed on the influence of chloride deposition rates on corrosion rates (metal loss), patina characteristics and metal release rates, starting with a corrosivity classification of the test sites.
Corrosivity classification of the test sites according to ISO 9223
The ISO standard 9223 (ISO, 2012d) is a classification system in which a given exposure site can be categorized with respect to corrosivity of carbon steel, zinc, copper and aluminum in two principally different ways. The first way is by directly measuring the corrosion effects during one year of exposure whereby the corrosion effects fall into one of five categories from C 1 (lowest) to C x (highest). The second is by predicting the corrosivity through three environmental parameters: time of wetness (TOW) with five categories (τ 1 to τ 5 ), SO 2 concentration with four categories (P 0 to P 3 ) and air salinity in terms of the chloride deposition rate with four categories (S 0 to S 3 ). Further details are given in the standard (ISO, 2012d) .
With similar time of wetness values (4800-5100 h/year), all sites (1-4) are categorized as τ 4. In reality, due to further chemical condensation by e.g. deposited chlorides and sulfates from sea-water aerosols, adsorbed molecular water layers, corrosion product formation and direct moisture precipitation of ocean spray, dew and rain, surface wetness will be even higher and all sites categorized as τ 5 . The SO 2 -concentration is at all four sites low, less than 2 μg/m 3 , far below the upper limit of 12 μg m -3 for the P 0 category, and therefore all four sites have been categorized as P 0 . Fig. 4 displays monthly mean variations in chloride deposition rates, based on daily measurements using the wet candle method, for each site (1-4) during the first year of exposure. Strong monthly variations were observed between the sites and reflect the distance from the coast. Given the intervals of chloride deposition rates, site 1 may be categorized as S 3 (300-1500 mg m
), site 2 as S 2 (60-300 mg m
), and sites 3 and 4 as S 1 (30-60 mg m
). The resulting estimated corrosivity based on data for the first year of exposure for site 1 was C 5 , corresponding to a predicted copper corrosion rate of more than 25 g m −2 y −1
, in good agreement with a measured corrosion rate of 24.4 g m −2 y −1 . The corrosivity of site 2 was categorized as either C 3 or C 4 , whereas sites 3 and 4 were classified as C 3 . Table 2 displays that these estimated values corresponded very well with measured corrosion rates. Test sites 1 to 4 exhibited similar time of wetness and SO 2 concentration but strong variations in chloride deposition rates that reflect the distance from the coastal line. Estimated corrosion rates according to ISO 9223 standard were in reasonable agreement with measured corrosion rates (varying by almost a factor of 3 between test sites 1 and 4) during the first year of exposure.
Observed corrosion rates of Cu and Cu-based alloys at all test sites
Measured average annual corrosion rates for Cu sheet and the three copper-based alloys (Cu4Sn, Cu15Zn and Cu5Al5Zn) exposed at 45°f rom the horizontal, facing south, are presented in Fig. 5 after the first, second and third years of exposure.
From the figures it is evident that the corrosion rates of all three Cubased alloys follow the same trend as for bare Cu sheet with decreasing corrosion rates with increasing distance from the coastal line, i.e. with lower chloride deposition rate. Observed corrosion rates at test site 1 span from 38.3 g m a factor of almost ten from the lowest to the highest rates during the first year. This factor remained almost the same (Cu4Sn -the highest, Cu5Al5Zn -the lowest) when considering average corrosion rates after the second and the third years of exposure at test site 1. Literature findings have previously classified the corrosion rates of copper-based alloys into two general categories: alloys that corrode with a moderate rate such as tin bronzes, and alloys corroding with a slower rate including brass (Davis, 2001 ). Higher corrosion rates for Cu4Sn compared with those of Cu sheet and Cu15Zn are consistent with previous longterm exposure findings (up to 20 years) at marine sites (e.g. Costas, 1982; Holm and Mattson, 1982) . The order in corrosion rates between the materials was not always the same at the other test sites and suggests that the protective ability of the patina formed differs not only between the materials, but also with the actual chloride deposition rate. Reduced average corrosion rates with time persisted during the whole three-year exposure period for all materials and test sites. In agreement with literature findings that report more rapid corrosion of horizontal and inclined surfaces compared with vertical surfaces (Cramer et al., 2002; Mattsson, 1980) , observed corrosion rates for all materials were generally lower when exposed at 90°from the horizontal as compared with 45°(data not shown). The only exception was the Cu5Al5Zn alloy that only showed small differences in observed corrosion rates between the two inclination angles.
3.4. Patina formation and characteristics on Cu and Cu-based alloys at site 1 with high deposition rates of chlorides
In-depth corrosion product analyses were conducted at site 1 after 3 months, 6 months, 1, 2 and 3 years to assess the evolution of patina constituents. As expected from literature findings (e.g. De la Fuente et al., 2008; Ghoniem, 2011) , copper revealed a porous inner (brownish) non-even layer (2-6 μm in thickness after 1 and 3 years) predominantly composed of copper-rich oxides and an outer (blue-greenish) layered and poorly adherent patina with chlorine-rich corrosion products. The outer layer became more compact and adhering to the underlying oxide with time, as displayed in Fig. 6 after 1 and 3 years. Despite a poorly adherent heterogeneous outer layer, the barrier properties of the corrosion patina improved after 3 years of exposure, as evidenced from corrosion rate findings, see Fig. 5 .
Confocal Raman measurements performed on the cross-section of copper after 3 years clearly distinguished the two-layer structure with cuprite, Cu 2 O (main bands at 225, 425, 645 cm −1 ) (Kosec et al., 2012) in the inner layer and paratacamite, Cu 2 (OH) 3 Cl (main bands at 520, 960, 3360, 3450 cm −1 ) (Frost, 2003) , the predominating constituent of the outer layer, Fig. 7 . Crystalline cuprite and paratacamite, Cu 2 (OH) 3 Cl, were also confirmed by means of GIXRD and FTIR measurements. The additional presence of atacamite cannot be excluded. Cross sectional elemental studies by means of EDS revealed chlorine both within the cuprite layer and at the cuprite/paratacamite interface. Similar observations were evident after 2 and 3 years of exposure. XRD measurements performed immediately after 3 months of exposure indicated the strongest diffraction peak of nantokite, CuCl. Due to the lack of additional peaks, its presence could not be unambiguously confirmed. The presence of nantokite within the patina was indicated by FTIR and Raman findings when comparing peak positions with spectra generated for artificial nantokite. However, due to the documented lack of stability of nantokite in humid environments (Chen et al., 2005b; Hayez et al., 2005) , and its rapid transformation into paratacamite or its other isomorphous phases Fig. 5 . Average annual corrosion rates determined for copper sheet and the three copper-based alloys (Cu4Sn, Cu15Zn and Cu5Al5Zn) after 1, 2 and 3 years of unsheltered exposure (45°f rom the horizontal, facing south) at the four test sites of decreasing chloride deposition rates with increasing coastal distance.
Table 2
From left to right: site number, environmental parameters τ n , P n and S n , estimated corrosivity C n with corresponding corrosion rate (C R ) interval, and measured corrosion rate of copper sheet (inclined 45°from the horizontal, facing south) during the first year of unsheltered exposure at sites 1-4.
Site Time of wetness TOW (τ n ) SO 2 concentration (P n ) Chloride deposition rate (S n ) Estimated corrosivity category and corrosion rate (C n ; C R, g/m 2 /y) Corrosivity category and measured first year corrosion rate (C n ; g/m 2 /y) 1 τ 4 τ 5 P 1 S 3 C 5 (very high) ; C R N 25 C 4 -C 5 ; 24.4 2 τ 4 τ 5 P 1 S 2 C 3 (medium) ; 5 b C R ≤ 12 or C 4 (high) ; 12 b C R ≤ 25 C 4 ; 16.3 3 τ 4 τ 5 P 1 S 1 C 3 (medium) ; 5 b C R ≤ 12 C 3 -C 4 ; 12.2 4 τ 4 τ 5 P 1 S 1 C 3 (medium) ; 5 b C R ≤ 12 C 3 ; 8.9 (Krätschmer et al., 2002; Scott, 2002) , its presence could not be confirmed. A more detailed investigation on nantokite formation and transformation in chloride rich environments will follow in a next-coming paper by the authors. Similar measurements on Cu4Sn revealed a patina with a significantly thicker inner layer (10-20 μm after 1 year) compared with Cu sheet that contained streaks of oxidized copper and tin-rich corrosion products. Similar to findings for Cu sheet, chlorine was integrated within this inner layer and in a poorly adherent outer blue-greenish patina layer. The same observations were made after 2 and 3 years, Fig. 8 . Cuprite and paratacamite (and possibly atacamite) were confirmed by means of GIXRD and FTIR and the presence of nantokite indicated (cf. copper sheet). The presence of tin within the inner layer (not specifically at the bulk/patina interface) suggests the additional presence of tin oxides, most probably SnO 2 , an oxide previously identified in the patina of bronze in chloride rich environments (e.g. Constantinides et al., 2002; Ospitali et al., 2012) . However, its presence did not reduce the corrosion rate of Cu4Sn, cf. Fig. 5 opposite to findings for environments of low chloride contents (Scholes and Jacob, 1970; Holm and Mattsson, 1982; Goidanich et al., 2008) .
The occurrence of streaks of tin oxides within the relatively thick inner layer of cuprite was also confirmed by GDOES measurements showing an enrichment of tin compared to the bulk alloy content (4 wt. %) in certain streaks within the patina (data not shown).
Both Cu sheet and Cu4Sn revealed poorly adherent corrosion products that easily detached (spalled) in flakes from the surface. Flaking of corrosion products formed on copper-based alloys exposed in marine environments has been reported elsewhere (Scholes and Jacob, 1970) . The high extent of spalling was attributed to the porous structure of the patina and the presence of nantokite within the patina. . Changes in visual appearance of copper sheet illustrated after 3 months, 1 and 3 years of exposure at site 1 (high deposition rates of chlorides) (top) and cross-sections of the corrosion patina after 1 and 3 years (middle) and corresponding relative elemental mass distribution based on EDS analysis (bottom). Nantokite has been reported as an important phase for accumulating chloride ions at the patina/copper interface that react with cuprous ions from dissolved cuprite (Krätschmer et al., 2002; Watanabe et al., 2007) . Initially formed nantokite easily transforms to paratacamite by reaction with moisture and oxygen, resulting in an expanded volume within the patina. This created physical stress within the porous patina, leading to severe flaking of corrosion products for Cu sheet and Cu4Sn.
No significant degree of spalling of loosely adherent corrosion products was evident for the Cu15Zn alloy. Cross-sectional studies revealed a non-uniform, relatively thin (1-5 μm), inner layer covered by a relatively dense, partly cracked, blue-greenish chlorine-rich patina.
Elemental analysis of cross-sections by means of EDS revealed the presence of zinc-rich corrosion products within the patina, both close to the bulk alloy/patina interface and within streaks, predominantly beneath the outer layer of paratacamite, Fig. 9 . These findings were supported by GDOES observations, and Fig. 11 (left) GIXRD confirmed the presence of hydrozincite, Zn 5 (CO 3 ) 2 (OH) 6 , zincite, ZnO and paratacamite in the outer layer. Surface sensitive measurements with XPS revealed a gradually reduced surface coverage of zinc-rich corrosion products with time showing a predominant copper-rich surface after three years (a Cu/Cu + Zn mass ratio increasing from 0.85 ± 0.05 to 1.0 after 1 and 3 years of exposure, respectively). However, literature findings have shown that zinc can stabilize paratacamite as zincian paratacamite ((Cu, Zn) 2 (OH) 3 Cl), a mixed copper-zinc chloride-rich corrosion product (Bertolotti et al., 2012; Scott, 2000) . Its presence could however not be confirmed. The presence of zinc within the blue-greenish outer layer on Cu15Zn may indicate the formation of more stable zinc-rich corrosion products within the patina compared with copper-rich corrosion products. Such a stabilization may form a more compact patina layer on Cu15Zn compared with Cu sheet and Cu4Sn and reduce the extent and ability of dissolved cuprous ions and chloride ions to form CuCl, and thereby the extent of flaking.
The formation rate of corrosion products on the Cu5Al5Zn alloy was, in agreement with measured corrosion rates, significantly slower compared with Cu sheet and the other alloys, as evidenced by the relatively thin (1-2 μm) patina layer. Similar to Cu sheet, Cu4Sn and Cu15Zn, chlorine was predominantly present in the outermost patina layer, however without showing any blue-greenish appearance. Tin-, zinc-, aluminum-, and copper-rich phases were observed within the patina and at the bulk/patina interface, Fig. 10 . According to GDOES findings tin was predominantly enriched within the patina and at the bulk/patina interface. Aluminum, zinc and iron were enriched compared to the bulk content to different extent at the bulk/patina interface. The depth profile is illustrated for zinc and tin in Fig. 11 . Cuprite was identified by means of GIXRD in the inner layer and paratacamite in the outer layer. Simonkolleite (Zn 5 Cl 2 (OH) 8 ·H 2 O) and/or Zn 2 Al(OH) 6 Cl· 2H 2 O/Zn 6 Al 2 (OH) 16 CO 3 ·4H 2 O may be possible additional patina constituents as their main diffraction peak was observed. However, due to the lack of additional peaks, their presence could not be confirmed.
A compilation of corrosion products identified within the patina of copper sheet and the copper-based alloys is given below based on the different analytical techniques employed. Corrosion products given in italic are not unambiguously identified. They could be possible phases, however, mainly with reference to earlier published studies mentioned in the Introduction section. This study suggests that the zinc-rich phases within the patina of Cu15Zn (Zn 5 (OH) 6 (CO 3 ) 2 ), and Cu5Al5Zn (Zn 5 (OH) 8 Cl 2 ·H 2 O and/or Zn 6-Al 2 (OH) 16 CO 3 ·4H 2 O/Zn 2 Al(OH) 6 Cl·2H 2 O) alone or in combination may act as a protective barrier against chloride-induced corrosion. The importance of Zn 5 (OH) 6 (CO 3 ) 2 on galvanized steel and zinc sheet in chloriderich environments has previously been suggested by Cole et al. (2009) . Similar observations have been identified for Zn 6 Al 2 (OH) 16 CO 3 ·4H 2 O on zinc-aluminum based alloys (Volovitch et al., 2011; Zhang et al., 2013) . However, the same compound has proven poor barrier properties and important metal loss for zinc-magnesium-aluminum coatings in low CO 2 atmospheres (LeBozec et al., 2013) . Hydrozincite has been proposed to be stabilized in the secondary spreading region of deposited chlorides, and will protect the zinc surface from further corrosion due to its relatively high stability under given exposure conditions (Cole et al., 2009 ), of cross-section of corrosion patina formed on Cu sheet after 3 years exposure at site 1.
Cu sheet
As mentioned in the previous section on visual appearance, the color of Cu sheet, Cu4Sn and Cu15Zn reached a more brown-greenish appearance after 3 years of exposure, while the Cu5Al5Zn alloy retained a more lustrous goldish color without any signs of the characteristic blue-greenish color of regular copper patina. The surface appearance of any corrosion products is influenced by several physiochemical properties, such as the ability of the light to be reflected by the surface or to pass through the corrosion product. Other important factors are the body color of the corrosion product, trace amounts of impurities that may change the optical properties and interference effects when the electromagnetic radiation interacts with the corrosion products. It is beyond the scope of this paper to discuss the surface appearance of current corroded copper alloy surfaces but it is evident that one main cause of the much more lustrous surface appearance of Cu5Al5Zn compared to that of the other materials is the thinner layer of patina on the Cu5Al5Zn alloy (1-2 μm) compared with that on Cu sheet, Cu15Zn and Cu4Sn (8-20 μm) . A more detailed spectrophotometric evaluation of changes in surface coloration will follow in a next-coming paper by the authors.
Observed differences between copper sheet and the copper-alloys exposed at the different test sites were evident not only from differences in visual appearance and measured corrosion rates, but also from the extent of flaking of loosely adherent corrosion products, illustrated after 1 and 3 years for Cu sheet and Cu4Sn at site 1, Fig. 12 . Flaking (predominantly of blue-greenish products) was particularly severe for Cu4Sn and Cu sheet, but only minor or non-significant for Cu15Zn and Cu5Al5Zn, respectively. The presence of loosely adherent corrosion products, easily flaked from the surface on Cu sheet and Cu4Sn, was predominantly observed at sites 1 and 2, i.e. at the sites with the highest deposition rates of chlorides. Only minor effects of flaking were evident for the same materials exposed at sites 3 and 4. In-depth mechanistic studies of these spalling processes will be discussed in a subsequent paper by the authors.
In summary, Cu sheet and Cu4Sn formed loosely adherent nonheterogeneous greenish-blue corrosion products that easily flaked from Fig. 8 . Visual appearance of the Cu4Sn alloy illustrated after 3 months, 1 and 3 years of exposure at site 1 (high deposition rates of chlorides) (top) and cross-sections of the corrosion patina after 1 and 3 years (middle) and corresponding relative elemental mass distributions based on EDS analysis (bottom).
the surface whereas the Cu15Zn and Cu5Al5Zn alloys formed a more adherent patina layer with significantly less tendency of spallation. Flaking was mainly attributed to the presence of nantokite within the patina of Cu sheet and Cu4Sn that gradually transformed into the more voluminous corrosion product of paratacamite, inducing internal physical stresses within the patina (Krätschmer et al., 2002; Scott, 2002) . This process was facilitated by the porous nature of the patina allowing penetration of moisture and oxygen (Scott, 2002) . Observed findings imply that the Cu15Zn and Cu5Al5Zn alloys are less sensitive to chlorideinduced atmospheric corrosion compared with Cu sheet and Cu4Sn. The confirmed presence of Zn/Zn-Al chloride rich corrosion products within the patina is suggested to improve its barrier properties as well as the possibility for zinc to stabilize paratacamite. The conditions for forming nantokite is more hindered on CuZn15 and Cu5Al5Zn than on Cu sheet and Cu4Sn, resulting in reduced chance of flaking on Cu15Zn and Cu5Al5Zn.
3.5. Release rates of copper and the main alloy constituents at site 2 Continuous monitoring of metal release of copper and the main alloying elements (Cu4Sn:tin, Cu15Zn: zinc, Cu5Al5Zn: tin, zinc, aluminum, iron) was performed during five years from copper sheet and the three copper-based alloys at site 2. Even though the release investigation did not start at the same time as the reported corrosion rate and corrosion product evolution study, prevailing environmental conditions, rainfall quantities and corresponding corrosivity classes were for these time periods very similar. Annual release rates of copper and the main alloying constituents per given surface area are compiled for each year of the five-year exposure in Fig. 13 (top) . Total metal release rates after one year of exposure were significantly lower compared with measured corrosion rates for all materials, 92, 96, 92% lower for Cu sheet, Cu4Sn, and Cu15Zn, respectively and 69% lower for Cu5Al5Zn. The results further show time dependent release Fig. 9 . Visual appearance illustrated after 3 months, 1 and 3 years of exposure at site 1 (high deposition rates of chlorides) (top) and cross-sections of corrosion patina formed on the Cu15Zn alloy after 1 and 3 years (middle) and corresponding relative elemental mass distributions based on EDS analysis (bottom).
rates without the same ranking between the materials as observed for the corrosion rates (Cu4Sn -the highest, Cu5Al5Zn -the lowest). The runoff rate of copper after one year followed the order: Cu sheet (1.4 g m ) (Cu sheet excluded due to different exposure period). Observed differences are attributed to changes in the outermost patina composition and characteristics with time.
To allow comparisons between different years of varying annual rainfall quantities, the annual release rate was normalized to this quantity, Fig. 13 (bottom) . The results clearly reveal reduced release rates of copper with time for Cu sheet, an effect also observed for the Cu4Sn alloy after three years of very similar released quantities per given rainfall unit. This is believed to be attributed to the gradual formation of a patina with very similar outermost surface composition (predominantly paratacamite/atacamite) with time. The presence of tin oxides within the patina of Cu4Sn is of less importance for the release process as this is predominantly governed by a combination of chemical dissolution/re-precipitation processes at the surface patina and the action by impinging rainfall and its characteristics. These processes are described elsewhere (He et al., 2001) . As previously shown for the Cu15Zn alloy, zincite and hydrozincite as well as cuprite and paratacamite/atacamite were present in the surface patina up to 1 year of exposure. The surface coverage of copper rich corrosion products compared with zinc-rich products gradually increased with time due to selective release of zinc and as a consequence an increased release of copper, Fig. 13 (bottom) . Similar dezincification processes for different brass alloys have been described elsewhere (Goidanich et al., 2011) . Reduced release of zinc was evident during the fourth year of exposure and only a minor amount of zinc was released during the fifth year. During the last year was the annual release rate of copper Fig. 10 . Visual appearance illustrated after 3 months, 1 and 3 years of exposure at site 1 (high deposition rates of chlorides) (top) and cross-sections of corrosion patina formed on the Cu5Al5Zn alloy after 2 and 3 years and corresponding relative elemental mass distribution based on EDS analysis. relatively similar to rates e.g. the Cu4Sn alloy exposed in parallel. This shows that the patina composition at the utmost surface with time became more and more similar to the patina formed on Cu sheet and Cu4Sn.
Despite significantly lower corrosion rates compared with the other materials, cf. Fig. 5 , comparable release rates of copper were determined from the Cu5Al5Zn alloy as determined for Cu sheet and the other alloys. This clearly illustrates that even though zinc, tin and aluminumrich corrosion products were enriched at the bulk/patina interface, reducing their corrosion rates, their presence in the outermost surface patina was minor and hence their influence on the release process limited. The release of the alloy constituents (tin, zinc, aluminum, iron) was gradually reduced with time and corresponded to 7% of the total released amount of metals after 5 years.
In all, both the Cu15Zn and the Cu5Al5Zn alloys revealed preferential release of zinc, i.e. significant dezincification (higher released amount of zinc to copper ratio compared with corresponding bulk ratio) during the first year that was gradually reduced with time and the gradual formation of a more compact patina with predominantly copper-rich corrosion products in the outermost surface layer with reduced solubility properties with time.
Despite significantly slower corrosion rates for the Cu5Al5Zn alloy compared with Cu sheet, Cu4Sn and Cu5Al5Zn, observed runoff rates of copper were similar after five years of exposure.
Conclusions
Four outdoor test sites located in the Brest region, France, have been used to investigate the influence of chloride deposition on corrosion effects and metal release rates of bare copper sheet (Cu sheet) and the three commercial Cu-based alloys Cu15Zn, Cu4Sn and Cu5Al5Zn.
The test sites are characterized by chloride deposition rates that vary by a factor 40 to 70 between the highest (b 5 m from the coastal line) and the lowest chloride load (40 km from the coast). The corresponding corrosion mass losses of copper during the first year of unsheltered exposure at 45°, south, range from 24.4 to 8.9 g/m 2 .
The data for all four sites agree reasonably well with the corresponding estimated copper corrosion rates according to the ISO standard 9223. The corrosion rates during the first year at the site with highest chloride load varied almost by a factor of ten between the investigated materials: Cu4Sn (38.3 g m −2 y ). The corrosion rates of all four materials decrease continuously with distance from the coast, i.e. with decreasing chloride load.
The patina of copper and the copper-based alloys was composed of two main layers, Cu 2 O as the inner layer and Cu 2 (OH) 3 Cl as the outer layer, possibly sandwiched with the discontinuous presence of CuCl. Additional minor patina constituents were SnO 2 (Cu4Sn), Fig. 11 . Enrichment of zinc in the patina compared with its bulk content in relation to copper for the Cu15Zn alloy determined by means of GDOES (left) and corresponding enrichment of zinc (light blue -upper curve) and tin (dark blue -lower curve) for the Cu5Al5Zn alloy (right). Fig. 12 . SEM image of Cu sheet (left) and Cu4Sn (right) surfaces with loosely adherent green-bluish corrosion products (white flakes) after 1 and 3 years, respectively, of unsheltered exposure at site 1 (high deposition rates of chlorides). (Cu5Al5Zn) . The observed Znand Zn/Al-containing corrosion products may act as barrier layers to protect the Cu15Zn and Cu5Al5Zn alloys against chloride-induced corrosion. They are important factors to explain why Cu15Zn and Cu5Al5Zn are less sensitive to chloride-induced atmospheric corrosion than Cu sheet and Cu4Sn.
The outer patina layer became more compact and adhering to the underlying oxide with time, causing a continuous decrease in corrosion rate with exposure time for all four exposure sites and materials. Flaking of the outer, weakly adhering, patina layer was observed on Cu4Sn and Cu sheet, to a much lesser extent on the Cu15Zn alloy, and not at all on the Cu5Al5Zn alloy. Flaking was mainly attributed to the formation of CuCl, which can transform to Cu 2 (OH) 3 Cl upon reaction to moisture and oxygen and cause physical stress within the patina layer.
The total patina layer thickness on all four materials followed the same order as the corrosion rates, ranging from about 20 μm (Cu4Sn) to less than 2 μm (Cu5Al5Zn). The patina thickness was a major factor to influence the visual appearance, i.e. causing the Cu5Al5Zn alloy a lustrous goldish appearance still after three years of exposure, while the other copper-based materials appeared more brownish-greenish.
Observed total release rates were significantly lower than the corrosion rates for all materials, 92, 96, and 92% lower for Cu sheet, Cu4Sn, and Cu15Zn, respectively and 69% lower for Cu5Al5Zn after the first year of exposure, and did not show the same ranking between the materials as observed for the corrosion rates (Cu4Sn -the highest, Cu5Al5Zn -the lowest). The release rate of copper after one year followed the order: Cu sheet (1.4 g m −2 y ) (Cu sheet excluded due different starting period).
The overall composition of the outer part of the patina layer and its solubility properties were major factors that influence the extent of released metals from the investigated materials. Cu15Zn Fig. 13 . Annual release rates of copper (Cu) and bulk alloy constituents (Zn, Al, Fe, Sn) for Cu sheet (8 years) and the alloys Cu4Sn, Cu15Zn and Cu5Al5Zn (5 years) normalized to surface area (top) and surface area and annual rainfall quantity impinging the surfaces (bottom). All materials were exposed at site 2 (St Anne).
